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ABSTRACT 24 
 25 
The human health effects following exposure to ultrafine (<100nm) particles 26 
(UFPs) produced by fuel combustion, while not completely understood, are 27 
generally regarded as detrimental.  Road tunnels have emerged as locations 28 
where maximum exposure to these particles may occur for the vehicle occupants 29 
using them.  This study aimed to quantify and investigate the determinants of 30 
UFP concentrations in the 4km twin-bore (eastbound and westbound) M5 East 31 
tunnel in Sydney, Australia.  Sampling was undertaken using a condensation 32 
particle counter (CPC) mounted in a vehicle traversing both tunnel bores at 33 
various times of day from May through July, 2006.  Supplementary 34 
measurements were conducted in February, 2008.  Over three hundred transects 35 
of the tunnel were performed, and these were distributed evenly between the 36 
bores.  Additional comparative measurements were conducted on a mixed route 37 
comprising major roads and shorter tunnels, all within Sydney.  Individual trip 38 
average UFP concentrations in the M5 East tunnel bores ranged from 5.53 × 104 39 
p cm-3 to 5.95 × 106 p cm-3.  Data were sorted by hour of capture, and hourly 40 
median trip average (HMA) UFP concentrations ranged from 7.81 × 104 p cm-3 to 41 
1.73 × 106 p cm-3.  Hourly median UFP concentrations measured on the mixed 42 
route were between 3.71 × 104 p cm-3 and 1.55 × 105 p cm-3.  Hourly heavy diesel 43 
vehicle (HDV) traffic volume was a very good determinant of UFP concentration 44 
in the eastbound tunnel bore (R2 = 0.87), but much less so in the westbound bore 45 
(R2 = 0.26).  In both bores, the volume of passenger vehicles (i.e. unleaded 46 
gasoline-powered vehicles) was a significantly poorer determinant of particle 47 
concentration.  When compared with similar studies reported previously, the 48 
measurements described here were among the highest recorded concentrations, 49 
which further highlights the contribution road tunnels may make to the overall 50 
UFP exposure of vehicle occupants. 51 
 52 
1. INTRODUCTION 53 
 54 
The range and implications of human health effects following exposure to 55 
vehicular combustion-generated ultrafine (<100 nm) particles (UFPs) and 56 
nanoparticles (<50 nm) remain to be fully elucidated, although they are typically 57 
regarded as being deleterious.  Whilst UFPs are the dominant constituent in 58 
terms of total particle number in many locations, and exposures of varying 59 
magnitude are ubiquitous, the roadway and tunnel environments present a 60 
location where maximum exposures to UFPs may occur (see Gouriou et al., 61 
2004; Westerdahl et al., 2005; Zhu et al., 2007; Fruin et al., 2008; Morawska et 62 
al., 2008).  Tunnels are an increasingly necessary infrastructure component in 63 
many cities, and tunnel advance in Australia for civil purposes was predicted to 64 
be 20 km y-1 from 2006 onwards (Day and Robertson, 2004).  The health 65 
significance of road tunnel exposures has been described by Svartengren et al. 66 
(2000) and Larsson et al. (2007), who reported undesirable respiratory effects 67 
following road tunnel air exposure in asthmatic and healthy test subjects, 68 
respectively.  Additionally, Mills et al. (2007) described negative cardiovascular 69 
implications that could provide a mechanism for acute myocardial infarction in 70 
subjects with existing heart complaints following exposure to UFP concentrations 71 
typical of those encountered in tunnels. 72 
 73 
Geller et al. (2005) reported elemental and organic carbon as the major 74 
constituent species of UFPs emitted in tunnels featuring mixed gasoline and 75 
diesel traffic.  The same study reported that approximately 80% of particle 76 
number was less than 40nm in diameter, with a peak at 15-20nm.  The size 77 
distribution of particles measured at the exit of a tunnel with diesel bus traffic only 78 
was reported by Jamriska et al. (2004) to peak at 20-40nm, with a minor 79 
secondary peak of accumulation mode particles at 100nm. 80 
 81 
A number of studies focussed on vehicle-based quantification of on-road UFP 82 
concentration, amongst other pollutants, have appeared in the literature in recent 83 
years (Gouriou et al., 2004; Kittelson et al., 2004a; Kittelson et al., 2004b; Pirjola 84 
et al., 2004; Weijers et al., 2004; Westerdahl et al., 2005; Zhu et al., 2007), as 85 
equipment suitable for this challenging measurement environment has become 86 
more readily available.  This has led to the development of some advanced 87 
mobile laboratories aimed at comprehensive assessment of on-road pollution.  88 
Some well-documented examples have been described by Bukowiecki et al. 89 
(2002), Kittelson et al. (2004a), Pirjola et al. (2004) and Westerdahl et al. (2005).  90 
The mobile laboratory approach has been recently extended to incorporate an 91 
exposure enclosure inside a van (Zhu et al., 2008), which affords the ability to 92 
conduct on-road investigations of human subject health responses to 93 
concentrations of UFPs and other pollutants representative of those encountered 94 
by many vehicle occupants. 95 
 96 
Given the emerging significance of road tunnel UFP exposure, this study aimed 97 
to quantify on-road particle concentration in the M5 East road tunnel located in 98 
Sydney, Australia, and relate these measurements to traffic volume and fleet 99 
composition.  The tunnel in question had been studied previously with a focus on 100 
in-vehicle concentrations of gaseous pollutants and PM2.5 and in-tunnel 101 
concentrations of gaseous pollutants (South Eastern Sydney Public Health Unit 102 
and NSW Department of Health, 2003).  The primary goal of this work was to 103 
improve knowledge regarding the role of vehicle fleet volume and composition in 104 
determining on-road UFP pollution in the M5 East tunnel, in order to better 105 
understand potential exposures of its users, and fortify the prior work described 106 
above.  We sought to develop a sampling methodology to accomplish this, and 107 
supplement the existing data on vehicle-based UFP sampling in tunnels, which is 108 
somewhat limited in comparison to vehicle-based measurements on above-109 
ground roadways and fixed-site measurement studies conducted in tunnels (such 110 
as Kirchstetter et al., 1999; Abu-Allaban et al., 2002; Jamriska et al., 2004; 111 
Kristensson et al., 2004; Geller et al., 2005, Imhof et al., 2006 and Lechowicz et 112 
al., 2008).  Vehicle-based on-road sampling has the ability to collect data that 113 
represent UFP concentrations challenging the protection mechanisms (air 114 
tightness, filtration capability, penetration characteristics) afforded by vehicles to 115 
their occupants.  This is not as easily accomplished during static sampling, which 116 
is more suited to development of emission factors.  Finally, we aimed to place the 117 
measurements into context via comparison with measurements reported in 118 
analogous studies, in addition to those reported for a range of other 119 
environments, as well measurements performed on a local (Sydney) mixed roads 120 
route.   121 
 122 
2.  METHODS 123 
 124 
2.1 Sampling location 125 
 126 
To fulfil the primary and additional aims of this study, two measurement roadway 127 
environments were selected; the M5 East tunnel in Sydney, Australia and a 128 
mixed route that commenced close to the tunnel site.  The M5 East road tunnel 129 
has been in operation since December 2001, and consists of two unidirectional 130 
bores, each comprising two lanes.  Maximum permitted vehicle speed during 131 
normal conditions is 80 km h-1.  The tunnel is used by approximately 93 000 132 
vehicles per day, about 7% of which are heavy diesel vehicles (HDVs).  The 133 
tunnel is 4 km long, and reaches a maximum gradient of 1:12 at its eastern end, 134 
proximate to the eastbound bore exit and westbound bore entry (NSW RTA, 135 
2008a).  Longitudinal ventilation is provided by 131 jet fans (NSW RTA, 2008a).  136 
Air is extracted approximately 1/3 of the way along the westbound bore and 2/3 137 
of the way along the eastbound bore, and exhausted through a nearby stack.  138 
Fresh air is delivered into each bore slightly downstream of the extraction point.  139 
At the exit portal of each bore, air is drawn via cross-shafts and diluted, before 140 
being delivered to the entry portal of the other bore (Child and Associates, 2004; 141 
NSW RTA, 2008a).  Vehicles using the tunnel are not subject to a toll. 142 
 143 
Although the construction of a tunnel air filtration plant is currently underway, no 144 
such system was present during our measurements conducted from May to July, 145 
2006.  Supplemental measurements were performed in February, 2008.  During 146 
the main measurement campaign, 119 jet fans were present in the tunnel, whilst 147 
during the supplemental campaign, an additional 12 fans had been installed 148 
(NSW RTA, 2008a). 149 
 150 
Additional measurements were conducted on a mixed route, the majority of which 151 
consisted of Southern Cross Drive, which was characterised by an average 152 
annual daily traffic volume of approximately 128 000 in 2005 (NSW RTA, 2008b).  153 
A combination of major roads, toll roads and shorter tunnels were present on the 154 
route, including the 2.3 km twin bore Sydney Harbour Tunnel, which carried 86 155 
800 vehicles per day in 2005 (NSW RTA, 2008c).     156 
 157 
2.2 Measurements 158 
 159 
A TSI 3007 condensation particle counter (CPC) mounted in a research vehicle 160 
was used to measure particle concentration.  The manufacturer-stated particle 161 
size measurement range of the unit is 10nm (50% detection threshold) to 162 
>1000nm, with ± 20% accuracy and a response time of <9 s for 95% response 163 
(TSI, 2004).  The CPC was zero count checked prior to each use, and its 164 
sampling interval set to 1 s. Pilot tests conducted in the tunnel showed the 165 
maximum detectable concentration of the unit, 1.0 ×105 particles per cm-3 (p cm-166 
3), was often exceeded shortly after tunnel entry.  A simple dilution system was 167 
developed which allowed the unit to function at concentrations of combustion-168 
derived particles up to 8.5 ×106 p cm-3 (described in detail in Knibbs et al., 2007).  169 
The CPC was placed on a raised stand designed to reduce vibration and the tilt 170 
effects associated with traversing a roadway incline or decline, and mounted on 171 
the passenger seat of a research vehicle.  All research vehicles were powered by 172 
unleaded petrol and were in very good mechanical condition.  None exhibited any 173 
signs of exhaust leakage or other sources of self-pollution that could potentially 174 
bias the measurements.   175 
 176 
To minimise the length of tubing required and associated sample residence time, 177 
air samples were taken at the junction of the windscreen base and the rear edge 178 
of the hood, which was about 1 to 1.5m above road height depending on the 179 
research vehicle used.   Samples were transported to the CPC via Tygon® R-180 
3603 tubing.  Tubing length from the sample point to the CPC inlet ranged from 181 
0.75 to 1.1m for the research vehicles.  Tubing was passed through a small gap 182 
in the front passenger side window, which was then sealed.  No attempt was 183 
made to establish isokinetic sampling conditions despite the moving sampling 184 
platform, due to the small size of particles being sampled (Morawska and 185 
Salthammer, 2003).  An automated Y-type pinch valve fitted with conductive 186 
tubing was included in the sampling train, to permit alternate measurement of 187 
outdoor and in-vehicle concentrations. However, the work described here is 188 
focussed on the outdoor measurements only.  As such, the measurements 189 
presented are based on transient snapshot measurements of particle 190 
concentration inside the tunnel.  The valve operation interval was 20 or 25 s, 191 
depending on the length of tubing required.  The final 10 s of data in each sample 192 
block were used for analyses, to account for sample clearance time which ranged 193 
from 9-13 s due to the flow partitioning required to achieve sufficient dilution.  An 194 
overall correction factor for particle loss to the entire sampling train (tubing, 195 
connectors, pinch valve and dilution system) was determined experimentally in a 196 
test chamber, using 4 stroke spark combustion of standard unleaded gasoline 197 
from a warm engine as the pollutant source.  A TSI 3022A CPC with a maximum 198 
concentration detection limit of 107 p cm-3 and minimum size detection threshold 199 
of 7nm was used as the reference instrument during these tests, and the 200 
maximum concentration detected by the TSI 3007 CPC was approximately 8.9 × 201 
106 p cm-3.  Although the specifications of the TSI 3007 CPC define it primarily as 202 
an instrument for the measurement of submicrometer particles (<1000nm), due 203 
to fuel combustion representing the major pollution source in the study location, 204 
the use of UFPs as a descriptor for the measurements described here seems 205 
warranted.  206 
 207 
Temperature and relative humidity outside and inside of the vehicles was 208 
measured by a set of calibrated dry (temp) and aspirated wet (RH) thermistors, or 209 
in later tests, Vaisala HMP45A probes, all of which were sited in such that they 210 
were not exposed to direct sunlight.  Comments made by the investigator during 211 
data collection were recorded to enable retrospective production of field notes.  212 
Measurements were performed at varying times on from 02:00 to 00:00 h to 213 
include a range of traffic conditions.  Measurements were conducted primarily on 214 
weekdays, although a small number were taken on weekends.  Sampling trips 215 
were distributed evenly between the two tunnel bores, and 306 tunnel trips were 216 
completed in total.  Forty one of these trips were completed during the 217 
supplemental measurement campaign, with the remainder performed during the 218 
main campaign.  Each sampling exercise typically comprised 5 transects of each 219 
bore.  Additional measurements conducted on the mixed route were generally 220 
performed after the conclusion of tunnel sampling.  Sampling exercises were not 221 
conducted during rain.      222 
 223 
Traffic data were obtained from the New South Wales Roads and Traffic 224 
Authority.  Due to the unavailability of traffic data coinciding with the main 225 
sampling period, traffic data from 2007 comprising hourly volume measurements 226 
collected over the year were used as a surrogate.  Annual average daily traffic 227 
volume at the main study location exhibits minimal variation between years (New 228 
South Wales Roads and Traffic Authority, 2008; personal communication).  229 
Hourly traffic averages were computed for each tunnel bore based on 2007 230 
volume data.  As volume data were not available for all vehicle classes, heavy 231 
vehicle volume (which included a range of vehicles from two axle light rigid trucks 232 
to 7+ axle trucks) was determined by subtracting passenger vehicle volume from 233 
overall vehicle volume. As the resultant measure was not tantamount to diesel-234 
powered vehicles, the data were modified based on the 2006 Australian Motor 235 
Vehicle Census (ABS, 2006), which reported that 73.9% of non-freight carrying 236 
trucks, 76.7% of buses, 84.3% of light rigid trucks, 89.3% of heavy rigid trucks 237 
and 97.7% of articulated trucks registered in Australia were diesel-powered.  238 
Accordingly, hourly heavy vehicle counts were multiplied by the average of these 239 
values (84.4%) to generate an estimated hourly heavy diesel vehicle (HDV) 240 
count.  No changes were made to passenger vehicle counts, as approximately 241 
95% of the Australian passenger vehicle fleet operated on unleaded or 242 
supplemented unleaded (lead replacement) fuel in 2006 (ABS, 2006).   243 
 244 
2.3 Analyses 245 
 246 
Individual trip average particle concentration measurements were split into 24 247 
subsets, depending on hour of tunnel entry.  Data collected during both the 248 
primary and supplementary measurement campaigns were combined.  249 
Temperature differences between the two campaigns for a given hour of day 250 
were relatively small (see Section 3.1).  Data collected on the mixed road and 251 
tunnel route were processed similarly, although trip averages were not 252 
calculated.  Rather, the data captured on the mixed route were grouped 253 
according to the hour during which they were collected and used to produce 254 
descriptive statistics.  As the in-tunnel data were skewed, the hourly median trip 255 
average (HMA) UFP concentration was selected as the variable of choice.  256 
Simple linear regression was applied to assess the relationship between the 257 
hourly volume of passenger and HDVs and HMA particle concentration in each 258 
bore.  Regression was also used to examine the influence of average hourly 259 
vehicle speed on HMA particle concentration in each bore.  Following regression 260 
analyses, the distributions of residuals were assessed for approximate normality 261 
and homogeneity of variance.  Student’s t-tests assuming unequal variance were 262 
used throughout the analyses, appealing to the Central Limit Theorem for 263 
robustness of this procedure.  In all cases, the 5% level was used as an indicator 264 
of statistical significance.  Each pair of regression slopes were assessed for 265 
significant differences.  Data for each of the four scenarios (eastbound HDV vs. 266 
westbound HDV, eastbound passenger vehicles vs. westbound passenger 267 
vehicles, eastbound HDV vs. eastbound passenger vehicles, westbound HDV vs. 268 
westbound passenger vehicles) were then grouped to assess if one combined 269 
slope would better estimate HMA particle concentration compared to separate 270 
slopes.  To facilitate valid comparisons, HMA particle concentrations for each 271 
bore and hourly median measures from the mixed roads route were log-272 
transformed, resulting in close to linear normal scores plots.  F-tests for variance 273 
were then employed prior to the application of an appropriate student’s t-test.   274 
 275 
3.  RESULTS AND DISCUSSION 276 
 277 
3.1 General 278 
 279 
Of the 306 trips through the tunnel, successful data capture was achieved for 301 280 
(98.4%) of these.  This encompassed 1204 km and 21.25 h of tunnel travel.  281 
Trips were distributed evenly between the eastbound (n = 150) and westbound (n 282 
= 151) bores in terms of number, however, 8.5 h was spent in the eastbound 283 
bore and 12.75 h was spent in the westbound bore.  The longest trip time 284 
recorded during sampling was 26m 23s, which occurred in the westbound bore 285 
during heavy traffic following a vehicle breakdown.  The average trip duration 286 
when travelling through the eastbound bore was 3m 22s (average speed = 71 km 287 
h-1), while the equivalent for westbound travel was 5m 7s (average speed = 47 288 
km h-1).   Data collection on the mixed roads route comprised approximately 5.5 289 
hours of travel.   290 
 291 
Measurements indicated that the temperature inside the tunnel during the main 292 
sampling campaign (Australian winter) ranged from approximately 13°C, during 293 
late night and early morning measurements, to 22°C during daytime 294 
measurements.  Relative humidity varied between 35 and 82%. The 295 
supplemental measurement exercises were performed in the Australian summer, 296 
when in-tunnel temperatures ranged from 19 to 29°C, with a humidity range 297 
similar to that recorded during the main sampling period.  Outside temperature on 298 
the mixed road route was generally 2-4°C lower than the in-tunnel temperature 299 
for a given season.  In-vehicle temperatures were generally not substantially 300 
different from outdoor temperature.  Dilution air was therefore supplied at 301 
temperatures similar to that of sample air, and the effect of thermophoretic 302 
particle loss or condensation in the sampling line as it entered the vehicle cabin is 303 
unlikely to have influenced the results.  Eighty seven one second data points 304 
exceeded the upper limit of the empirical particle loss correction factor 305 
(approximately 8.9 × 106 p cm-3).  These data points were not discarded, 306 
although their value was set to the system’s measurement limit. 307 
 308 
3.2 UFP concentration in the tunnel bores 309 
 310 
Figs. 1 and 2 provide box plots based on trip average particle concentration for 311 
the eastbound and westbound tunnel bores, respectively.  The peak trip average 312 
recorded in the eastbound bore of 5.05 × 106 p cm-3  (s.d. = 3.77 × 106 p cm-3)   313 
occurred between 15:00 and 16:00, while the minimum trip average of 5.53 × 104 314 
p cm-3  (s.d. = 2.10 × 104 p cm-3) was measured between 22:00 and 23:00.  The 315 
respective trip average maximum and minimum measures in the westbound bore 316 
were 5.95 × 106 p cm-3 (s.d. = 2.71 × 106 p cm-3) between 13:00 and 14:00, and 317 
6.59 × 104 p cm-3 (s.d = 1.43 × 104 p cm-3) between 21:00 and 22:00.  Evidently, 318 
the range of trip average measures in both bores comprised two orders of 319 
magnitude.  HMA particle concentration values in the eastbound bore ranged 320 
from 9.04 × 104 p cm-3 between 02:00 and 03:00, to 9.06 × 105 p cm-3 between 321 
08:00 and 09:00.  In the westbound bore HMA concentration ranged from 7.81 × 322 
104 p cm-3 between 02:00 and 03:00, to 1.73 × 106 p cm-3 between 09:00 and 323 
10:00.  Average HMA concentration in the eastbound bore was 3.43 × 105 p cm-3, 324 
whilst the corresponding figure in the westbound bore was 3.98 × 105 p cm-3.  325 
 326 
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Figure 1 – Trip average on-road UFP concentration by hour of tunnel entry and hourly passenger 328 
and heavy diesel traffic volume in the eastbound bore, based on 150 individual trips.  Box-and-329 
whisker plots indicate median (thick horizontal line), average (diamond), first and third quartile 330 
(bottom and top edge of box, respectively), minimum and maximum (lower and upper extent of 331 
whiskers, respectively) trip average UFP concentration.  332 
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Figure 2 – Trip average on-road UFP concentration by hour of tunnel entry and hourly passenger 334 
and heavy diesel traffic volume in the westbound bore, based on 151 individual trips.  Box-and-335 
whisker plots indicate median (thick horizontal line), average (diamond), first and third quartile 336 
(bottom and top edge of box, respectively), minimum and maximum (lower and upper extent of 337 
whiskers, respectively) trip average UFP concentration. 338 
 339 
Results of the various statistical tests applied to the data are summarised in table 340 
1.  In three of four cases, the positive gradient of the linear regression model 341 
fitted to the relationship between hourly vehicle volume and HMA particle 342 
concentration was significantly different from zero.  The exception to this was the 343 
relationship between passenger vehicle volume and HMA particle concentration 344 
in the westbound bore, indicating that passenger vehicles were not a significant 345 
determinant of UFP particle concentration in this bore.  HDV volume in the 346 
westbound bore exhibited a significantly different influence on HMA particle 347 
concentration compared to passenger vehicle volume (p = 0.0238).  However, 348 
although significant (p = 0.0256), the strength of HDV influence of HMA particle 349 
concentration was not as substantial as might be expected (R2 = 0.26).  350 
Conversely, HDV volume in the eastbound bore was a highly significant (p < 351 
0.0001) determinant of HMA particle concentration (R2 = 0.87), although no 352 
significant difference existed between bores in the influence of HDVs (p = 353 
0.7919).  Similar to the westbound bore, passenger vehicles in the eastbound 354 
bore also exhibited a significantly weaker influence on HMA particle 355 
concentration compared to HDVs (p < 0.0001).  Comparison across both bores 356 
indicated no significant difference in the influence of passenger vehicle volume 357 
on HMA particle concentration (p = 0.9312).  No significant difference existed 358 
between bores in the log-transformed HMA particle concentration (p = 0.7620).  359 
As shown in table 1, combining data from both bores for a given vehicle type, and 360 
combining both vehicle types for a given bore both resulted in reduced predictive 361 
ability compared to a single predictor in most cases, and accordingly justified the 362 
use of the latter. 363 
 364 
365 
Table 1 – Results summary of statistical procedures.   366 
 
Analysisa 
 
 
Slope 
 
SE (slope) 
 
n 
 
R2 
 
t-value
 
p-value 
  
WB HDV traffic vs. particle conc. 2548.7 1042.0 19 0.26 - 0.0256 
WB passenger vehicle traffic vs. particle conc. 175.7 128.2 19 0.10 - 0.1883 
EB HDV traffic vs. particle conc.  2267.7 220.6 18 0.87 - 0.0000 
EB passenger vehicle traffic vs. particle conc. 163.7 52.9 18 0.37 - 0.0069 
WB HDV and passenger traffic vs. particle conc. 53.2 65.9 38 0.02 - 0.4246 
EB HDV and passenger traffic vs. particle conc. 65.1 36.2 36 0.09 - 0.0807 
WB and EB HDV traffic vs. particle conc. 2292.3 484.2 37 0.39 - 0.0000 
WB and EB passenger traffic vs. particle conc. 166.6 63.2 37 0.17 - 0.0124 
WB vs. EB HDV influence - - - - 0.26 0.7919 
WB vs. EB passenger vehicle influence - - - - 0.09 0.9312 
WB HDV vs. WB passenger vehicle influence - - - - 2.26 0.0238 
EB HDV vs. EB passenger vehicle influence - - - - 9.27 0.0000 
WB particle conc. vs. EB particle conc. b - - - - 0.31 0.7620 
WB particle conc. vs. Mixed route particle conc. b - - - - -3.80 0.0022 
EB particle conc. vs. Mixed route particle conc. b - - - - -4.72 0.0002 
WB speed vs. particle conc. 4572.4 6406.4 19 0.03 - 0.4851 
EB speed vs. particle conc. -38562.9 7966.8 18 0.59 - 0.0002 
WB vs. EB speed influence - - - - 4.22 0.0000 
 367 
a Based on HMA particle concentration   368 
b Based on log-transformed data 369 
 370 
Whilst the influence of a given vehicle class on HMA concentration was not 371 
significantly different between the two bores, the influence of HDVs was 372 
significantly greater than that of passenger vehicles.  Despite the relatively low 373 
number of HDVs, they represent a substantial source of UFPs.  This is in accord 374 
with the findings of several previous tunnel studies (Kirchstetter et al., 1999; Abu-375 
Allaban et al., 2002; Geller et al., 2005), and also a street canyon study 376 
conducted by Jones and Harrison (2006).  Fruin et al. (2008) reported a strong 377 
association (R2 = 0.84) between diesel truck count and on-road UFP 378 
concentration on Los Angeles freeways.  Our results for a similar analysis of the 379 
eastbound bore (R2 = 0.87) are in close agreement with the aforementioned 380 
study.  Fruin et al. (2008) also noted the generally poor ability of overall traffic 381 
volume (r = 0.13), which is largely comprised of gasoline-powered vehicles, to 382 
predict on-road UFP concentration. The relative weakness of passenger vehicles 383 
as a determinant of in-tunnel HMA UFP concentration in this study (R2 = 0.37 and 384 
0.10 for eastbound and westbound bores, respectively) generally support this 385 
finding.  Based on measurements at 2 roadside locations in Basel, Switzerland, 386 
Junker et al. (2000) noted significant correlations between HDV number and UFP 387 
concentration of r = 0.86 and r = 0.67, but did not observe such correlation 388 
between light duty vehicle (LDV) number and UFP concentration (r = 0.59 and r = 389 
0.43).  Wang et al. (2008) reported correlations (R2 = 0.38 and 0.63) between 390 
HDV count and UFP concentration for a busy road intersection in Corpus Christi, 391 
Texas.  Wang et al. (2008) also recorded comparatively poor associations 392 
between total traffic count and UFP concentration (R2 = 0.01 and 0.19) at their 393 
study site.  Despite differences in measurement location, experimental equipment 394 
and/or approach between our study and those described above, the general 395 
findings of all studies are in concert with respect to the importance of HDV 396 
volume, relative to LDV volume or total traffic volume, as a determinant of on or 397 
near-road UFP concentration.    398 
 399 
Average hourly vehicle speed through the eastbound bore was a moderate 400 
predictor of HMA particle concentration (R2 = 0.57), although particle 401 
concentration decreased with increasing vehicle speed.  In the westbound bore, 402 
average vehicle speed was an insignificant predictor of median average particle 403 
concentration (R2 = 0.03).  There was a highly significant difference in the 404 
predictive strength of vehicle speed between bores (p < 0.0001)  Kittelson et al. 405 
(2004a) reported increased particle concentrations and a reduction in midpoint 406 
particle diameter with increasing vehicle speed, whilst also noting the applicability 407 
of this relationship to spark ignition vehicles more so than diesel vehicles.  Geller 408 
et al. (2005) reported a positive correlation (R2 = 0.53 prior to normalisation of 409 
vehicle speed; R2 = 0.69 following normalisation) between vehicle speed and 410 
particle concentration in a bore of the Caldecott Tunnel in Berkeley, California.  411 
Morawska et al. (2005) found particle number emission factors increased with 412 
vehicle speed, as did Kristensson et al. (2004), based on a tunnel study in 413 
Stockholm, Sweden.  In the above studies, the sampling platform was either 414 
static (Kristensson et al. 2004; Geller et al., 2005; Morawska et al, 2005) or direct 415 
sampling of exhaust plumes was deliberately avoided (Kittelson et al., 2004a).  416 
Neither was the case in this study, and given the combination of a mobile 417 
sampling platform and frequent proximity to HDV exhaust plumes in the enclosed 418 
tunnel during periods of heavy traffic, the negative relationship we observed in 419 
the eastbound bore seems plausible.  The effect of higher speed vehicle travel on 420 
tunnel ventilation rates and subsequent reductions in UFP concentration has 421 
been raised in the literature, although it is not supported by experimental data 422 
(Gidhagen et al., 2003; Geller et al., 2005).  It is worth noting that due to the 423 
factors described above, our measurement approach was not suited to 424 
investigation of the influence of vehicle speed on UFP emission factors, nor was 425 
it a goal of this study.   426 
 427 
We made no attempt to avoid sampling the exhaust plume of vehicles in front of 428 
our mobile sampling platform, however, apart from one exercise performed 429 
outside of the M5 East tunnel described in a subsequent section, we did not 430 
deliberately chase vehicles thought to be high emitters.  Individual vehicles can 431 
produce high on-road UFP concentrations (see section 3.3), particularly during 432 
acceleration from a standing state (Fruin et al., 2008).  However, the enclosed 433 
characteristic of the tunnel and the associated ability to contain vehicle emissions 434 
in a small space, coupled with the number of replicate trips made, largely mitigate 435 
the effects of any trips where a single vehicle preceding the measurement 436 
platform led to UFP concentration excursions substantially above the combined 437 
plume of all preceding vehicles in the tunnel.  438 
 439 
The strength of HDV traffic volume as a determinant of UFP concentrations was 440 
relatively poor in the westbound bore.  Possible, albeit speculative, explanations 441 
for this include the fact that the westbound bore feeds traffic away from a major 442 
shipping port, so freight trucks entering this bore may be less heavily laden than 443 
their eastbound counterparts.  However, the reverse could also be true 444 
depending on the proportion of HDVs loading or unloading their cargo at the port.  445 
Ventilation and air movement parameters may be of increased significance in this 446 
bore.  The relative position at which air is extracted and injected in each bore 447 
could also potentially be of importance.  The presence of a sustained (400m) 448 
uphill road grade of 1:20 (NSW RTA, 2008a) coincident with the westbound bore 449 
exit, and associated heavy vehicle emissions in this vicinity, may exert a 450 
substantial influence that is not apparent in the present results which are based 451 
on average hourly traffic volume and vehicle based on-road UFP sampling (i.e. 452 
individual or multiple HDVs ascending towards the westbound exit may have 453 
made a time-disproportionate contribution to measured trip average UFP 454 
concentration).  A systematic difference in HDV fleet mechanical condition 455 
(Jayaratne et al., 2007), age or presence or type of exhaust cleaning device 456 
(Jones and Harrison, 2006) between bores seems unlikely, although these 457 
factors could exert some individual or combined influence on the disparity in HDV 458 
influence observed between bores.  As no significant difference in HMA UFP 459 
particle concentration existed between the two bores, future research would 460 
ideally further investigate the cause of this somewhat counter-intuitive finding.  461 
Furthermore, as a filtration plant that will extract tunnel air approximately 500m 462 
from the westbound bore exit portal prior to treatment and re-introduction slightly 463 
downstream is currently under construction (NSW RTA, 2008a), a follow-up study 464 
to assess the efficacy of this device at reduction of on-road UFP concentration 465 
would be useful in examining the benefit(s) of such engineering remediation. 466 
 467 
 468 
 469 
 470 
 471 
3.3 UFP concentration on the mixed route 472 
 473 
Fig. 3 presents the results of sampling on the mixed roads and tunnel route.  The 474 
maximum instantaneous particle concentration recorded was 7.27 × 106 p cm-3 475 
between 12:00 and 13:00, whilst the minimum value of 2.66 × 104 p cm-3 was 476 
measured between 23:00 and 00:00.  Hourly median particle concentration 477 
ranged from 3.71 × 104 p cm-3 between 23:00 and 00:00, to 1.55 × 105 p cm-3 478 
between 13:00 and 14:00.  The average hourly median concentration on the 479 
mixed route was 7.30 × 104 p cm-3.  Despite the presence of numerous smaller 480 
tunnels on the mixed route and a generally increased traffic volume compared to 481 
the M5 East tunnel, the average hourly median concentration was one order of 482 
magnitude lower than the average HMA values recorded in the M5 East tunnel 483 
bores.  Fewer HDVs were evident on this route, although we did not have traffic 484 
fleet composition data to confirm these observations.  Highly significant 485 
differences were present in the log-transformed hourly median particle 486 
concentration measured on the mixed roads route and the HMA concentrations in 487 
both tunnel bores (p < 0.0001 in both cases).  This may be due to the 488 
aforementioned, in addition to wind speed and increased exhaust dispersion 489 
afforded on above ground roads, amongst other potential factors.  490 
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Figure 3 – On-road UFP concentration measured on the mixed roads route by hour.  Box-and-492 
whisker plots indicate median (thick horizontal line), average (diamond), first and third quartile 493 
(bottom and top edge of box, respectively), minimum and maximum (lower and upper extent of 494 
whiskers, respectively) UFP concentration.    495 
 496 
During a mixed roads route sampling exercise on 31/06/2006, a serendipitous 497 
opportunity arose to chase an HDV that was visibly emitting a substantial exhaust 498 
plume.  The vehicle in question was a privately-operated older bus that was 499 
ostensibly in poor mechanical condition.  Shortly after exiting the eastbound 500 
tunnel, the test vehicle was positioned in the trailing plume approximately 20m 501 
behind the bus, with no other vehicles present in the intervening space.  Fig. 4 502 
shows 10 s average particle concentration measurements prior to, during and 503 
after this procedure.  Perhaps of most interest is the 5 min period from 18:18 to 504 
18:23 during which the upper concentration detection limit of the dilution-505 
equipped CPC was exceeded, corresponding to an estimated UFP concentration 506 
of >8.9  × 106 p cm-3.  It is worthwhile to note that these levels occurred when the 507 
vehicle was driving through a shorter (approximately 500m) tunnel and on open 508 
roadways during relatively free flowing traffic conditions.  The measured particle 509 
concentrations occurred despite the dilution of exhaust afforded by the distance 510 
between the bus and sampling vehicle (Morawska et al., 2007).  From Fig. 4 it is 511 
apparent that two orders of magnitude in variation of on-road particle 512 
concentration can occur during a relatively short trip.  The tendency of on-road 513 
UFP concentration to increase rapidly and substantially in the immediate vicinity 514 
of a diesel exhaust plume has been similarly described by Gouriou et al. (2004), 515 
Pirjola et al. (2004), Weijers et al. (2004) and Westerdahl et al. (2005).  The 516 
presence of a significant nucleation mode in the exhaust plume seems likely 517 
(Morawska et al., 2008), although particle size distribution data required to 518 
confirm this postulation were not available.  The data described above were 519 
excluded from the overall mixed route particle concentration measurements 520 
depicted in Fig. 3.  521 
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Figure 4 – Time-series of 10 s average on-road particle concentration recorded on 31/6/2006. 523 
 524 
3.4 Comparison with other environments 525 
 526 
Morawska et al. (2008) described the results of meta-analyses applied to 71 527 
studies of UFP characterisation conducted in a wide range of environments, as 528 
reported in the literature.  Excluding their assessment of on-road and tunnel 529 
studies, which are the subject of a separate section below, the values reported by 530 
Morawska et al. (2008) ranged from 2.9 × 103 p cm-3 to 3.9 × 104 p cm-3 and 2.6 × 531 
103 p cm-3  to 4.8 × 104 p cm-3, for median and average levels, respectively.  532 
Minimum median concentrations corresponded to studies of UFP concentration 533 
in rural locations, whilst maximum median levels were measured in street canyon 534 
environments.  The minimum average particle concentrations were recorded in 535 
clean background environments, such as boreal forests.  Maximum average 536 
concentrations were recorded in roadside locations.  The minimum and maximum 537 
HMA UFP concentrations we measured were both one order of magnitude 538 
greater in the eastbound bore than the equivalent measurements reported by 539 
Morawska et al. (2008).  A similar trend existed for data collected in the 540 
westbound bore, although the maximum HMA concentration there (1.73 × 106 p 541 
cm-3) was two orders of magnitude greater than the equivalent value described 542 
by Morawska et al. (2008).  The hourly median UFP concentrations recorded on 543 
our mixed route (see Fig. 3) were generally of the same order as the median 544 
reported by Morawska et al. (2008) for street canyon and roadside locations. 545 
 
The relatively high UFP concentrations we recorded are not unexpected given 546 
the proximity of diesel and gasoline emission sources when sampling on-road.  547 
Coupled with the enclosed nature of the tunnel and the subsequent limitations on 548 
exhaust plume dispersion imposed by this, tunnels clearly represent locations 549 
where peak daily UFP exposures are likely to occur for the vehicle occupants 550 
using them.  The degree to which a person is exposed to levels commensurate 551 
with those measured on-road is dependent on the rate and penetration efficiency 552 
at which particles enter the vehicle cabin that they occupy.  Particle deposition 553 
within a vehicle cabin can also be of importance (Xu and Zhu, 2009).  Newer 554 
vehicles fitted with filtration devices have been shown to offer reasonable 555 
protection against in-cabin UFP exposure, depending on the ventilation mode 556 
used (Zhu et al, 2007; Pui et al., 2008; Qi et al., 2008).  However, occupants of 557 
older, less air-tight vehicles (Knibbs et al., in press), vehicles with open windows 558 
(Ott et al., 2008), open convertible vehicles, motorcycles or other transportation 559 
mode characterised by high air change rate and/or lack of filtration may be 560 
afforded relatively small reductions in UFP concentration entering their breathing 561 
zone.   562 
 563 
3.5 Comparison with other on-road and tunnel studies 564 
 565 
Table 2 presents a summary of related previous work.  A similar comparison was 566 
presented by Westerdahl et al. (2005), and given the relatively rapid progression 567 
in reported on-road and tunnel-based studies, it seems useful to provide an 568 
updated version.  It is worth noting that the studies referred to in table 2 are not 569 
intended to represent a comprehensive summary of all on-road or tunnel based 570 
work, but rather a selection of those most relevant to the present study.  571 
Variability existed between these studies in terms of experimental equipment, 572 
particle size range of interest, study environment, whether a given on-road study 573 
aimed to chase vehicles, and the reported particle concentration statistic.  574 
Notwithstanding this, the peak in-tunnel concentrations measured in this study for 575 
a given statistic (average, median, maximum) were up to two orders of 576 
magnitude greater than those reported in other work.  However, it should be 577 
considered that our values reflect tunnel transects that generally took 3.5 to 5 min 578 
to complete, which is a short averaging period relative to some other studies.  As 579 
table 2 highlights, compared to other work performed in tunnels from either a 580 
static or vehicle-based platform, our results are toward the upper limit of 581 
concentrations reported in the literature.  Concentrations recorded on the mixed 582 
route were more comparable with those reported in other studies, and more 583 
specifically, exhibited good agreement with results presented by Weijers et al. 584 
(2004) and Westerdahl et al. (2005), both of which employed similar equipment 585 
and focussed on an analogous particle size range to the present study.    586 
 587 
Table 2 – Summary of related previous work.  588 
Study Location Measurement 
platform 
Particle size range 
measured 
Measurement 
equipment 
Roadway 
environment 
Diesel % of 
fleet 
Avg. conc. 
(p cm-3) 
Med. conc. (p 
cm-3) 
Max. conc.  
(p cm-3) 
This study Sydney, Australia Vehicle-based 10 to >1000nm TSI 3007 CPC 4km tunnel and mixed 
route (incl. tunnels) 
~7%c 6.0 × 106ace 1.7 × 106ach  
1.6 × 105ab 
>8.9  × 106bci 
Kirchstetter et 
al. (1999) 
Berkeley, USA Static >10nm TSI 3760 CNC 1.1km tunnel 4.8%a  4.0 × 105 - - 
Abu-Allaban 
et al. (2002) 
Pennsylvania, USA Static 10-400nm TSI SMPS 1.6km tunnel 86.5%a 1.9 × 105e - - 
Bukowiecki et 
al. (2002) 
Gidhagen et 
al. (2003) 
Zürich, Switzerland 
 
 
Stockholm, Sweden 
Vehicle-based 
 
 
Static 
>3nm (CPC), 7-
310nm (SMPS) 
 
3-900nm 
TSI 3025 UCPC, 
TSI SMPS 
 
DMPS 
Non-tunnel routes 
 
1.5km tunnel 
- 
 
 
5% 
7.8 × 104a
 
 
7.6 × 105 
- 
 
 
- 
4.0 × 105i 
 
 
>1.3 × 106d 
Gouriou et al. 
(2004) 
Rouen, France Vehicle-based & 
static 
30-10 000nm Dekati ELPI 1.6km tunnel and 
non-tunnel routes 
- 9.5 × 104b 5.1 
× 105ace 
3.5 × 104b 1.5 × 106i 
Jamriska et 
al. (2004) 
Brisbane, Australia Static 17-700nm TSI SMPS 0.5km tunnel 100% - - ~1.3 × 105e 
Kittleson et al. 
(2004a) 
Minnesota, USA Vehicle-based 3-1000nm (CPC), 8-
300nm (SMPS) 
TSI 3025A UCPC, 
TSI SMPS 
Non-tunnel routes ~8 %  4.0 × 105 9.1 × 104  1.0 × 107i 
Kittleson et al. 
(2004b) 
New York, USA Vehicle-based 3-1000nm (CPC) TSI 3025A UCPC, 
TSI SMPS 
Non-tunnel routes - 5.6 × 105a - - 
Weijers et al. 
(2004) 
Amsterdam/ 
Nijmegen, 
Netherlands 
Vehicle-based >7nm TSI 3022 CPC Mixed routes (incl. 
~2km tunnel) 
- 1.6 × 105ab - ~1.8 × 106ci 
Pirjola et al. 
(2004) 
Helsinki, Finland Vehicle-based >3nm (CPC), 3-50nm 
(SMPS), 7-10 000nm 
(ELPI) 
TSI 3025 UCPC, 
TSI SMPS, Dekati 
ELPI 
Non-tunnel routes - - - 1.3 × 106i 
Geller et al. 
(2005) 
Berkeley, USA Static 7-270nm TSI SMPS 1.1km tunnel 4.9%a  7.8 × 105a - ~1.0 × 106e 
Westerdahl et 
al. (2005) 
Los Angeles, USA Vehicle-based 10 to >1000nm 
(3007), 7-1000nm 
(3022A), 5-600nm 
(SMPS) 
TSI 3007 CPC, TSI 
3022A CPC, TSI 
SMPS 
Non-tunnel routes 14%a - 1.9 × 105af 8.0 × 105i 
Larsson et al. 
(2007) 
Stockholm, Sweden Static 20 to 1000nm (CPC), 
14-100nm (SMPS) 
TSI P-Trak CPC, 
TSI SMPS 
1.5km tunnel ~10% - 1.1 × 105a - 
Zhu et al. 
(2007) 
Los Angeles, USA Vehicle-based >5nm (CPC), 7.9-
217nm (SMPS) 
TSI 3785 WCPC, 
TSI SMPS 
Non-tunnel routes ~25%a  2.6 × 105a - ~5.8 × 105i 
Lechowicz et 
al. (2008) 
Brisbane, Australia Static >7nm TSI 3022 CPC 0.5km tunnel ~66%  - 4.1 × 104f 5.4 × 104g 
Rim et al. 
(2008) 
Austin, USA Vehicle-based 20nm to 1000nm  TSI P-Trak CPC Non-tunnel routes - 2.5 × 104a 1.2 × 104a  ~1.6 × 105i 
a Maximum value of several reported, b Non-tunnel route, c In-tunnel route, d Maximum average reported, e Short term average, f Average of 589 
median, g Maximum median, h Median of average, i Instantaneous or very short term peak590 
 591 
4.  CONCLUSIONS 592 
 593 
(1)  Based on 301 individual vehicle-based transects, hourly median average 594 
(HMA) ultrafine particle (UFP) concentration in the 4km M5 East road tunnel 595 
ranged from 9.04 × 104 p cm-3 to 9.06 × 105 p cm-3 in the eastbound bore, and 596 
from 7.81 × 104 p cm-3 to 1.73 × 106 p cm-3 in the westbound bore.  Maximum trip 597 
average UFP concentrations exceeded 5.0 × 106 p cm-3 in both tunnel bores.  598 
Minimum trip average concentrations were two orders of magnitude lower. 599 
 600 
(2)  Hourly median concentrations recorded on a mixed route comprising major 601 
roadways and shorter tunnels ranged from 3.71 × 104 p cm-3 and 1.55 × 105 p 602 
cm-3. 603 
 604 
(3)  Hourly heavy diesel vehicle (HDV) volume was a highly significant 605 
determinant (p < 0.0001) of HMA UFP concentration in the eastbound tunnel 606 
bore (R2 = 0.87), whilst a significant (p = 0.0256), yet only poor-fair determinant 607 
in the westbound bore (R2 = 0.26).  The predictive ability of passenger vehicle 608 
volume was significantly different to that of HDV volume in both bores, and was a 609 
fair (R2 = 0.37) and poor (R2 = 0.10) determinant in the eastbound and 610 
westbound bores, respectively.  No significant difference (p = 0.7620) in HMA 611 
UFP concentration existed between the two bores.  612 
  613 
(4)  The HMA UFP concentrations measured in-tunnel were one to two orders of 614 
magnitude higher than equivalent measurements reported in the literature for a 615 
variety of other environments.  These results, coupled with those of recent 616 
above-ground roadway studies which estimate that up to approximately 50% of 617 
Los Angeles commuters daily ultrafine exposure occurs inside vehicles (Zhu et 618 
al., 2007; Fruin et al., 2008), further highlight the significance road tunnel transit 619 
may have on in-vehicle and overall UFP exposure.  As road tunnel numbers and 620 
length are likely to increase in many countries, the above issue may be a 621 
persistent one, and it would seem beneficial to mitigate vehicle occupant 622 
exposures to a range of pollutants encountered in tunnels.   623 
 624 
(5)  Given the relatively spartan sampling equipment and approach, this study 625 
was quite successful from an operational standpoint, although an increased suite 626 
of measurement instrumentation would be useful in any ensuing work.  627 
Limitations of the present study included the absence of particle size distribution 628 
information and lack of traffic data coincident with, and of a temporal resolution 629 
analogous to, the measurement periods.  Nonetheless, the results were generally 630 
consistent with those reported in the limited number of comparable studies.  631 
Further work would ideally focus on the cause of the disparity in determinant 632 
factors of UFP concentration between the two tunnel bores.  Particle size 633 
distribution (including possible impacts of ambient temperature) and chemical 634 
composition could both be assessed.  Development of emission factors and 635 
examination of the mechanical condition and age of a representative sample of 636 
HDVs may also be of use.  Given that two significant events are scheduled to 637 
occur in the near future, namely, the reduction of sulphur content in Australian 638 
diesel fuel to 10ppm from 2009 and the installation of a tunnel air filtration plant 639 
for the M5 East, assessment of their individual or synergistic effects on in-tunnel 640 
UFP concentration would be a prudent pathway for any subsequent study.          641 
 642 
(6)  In road tunnels such as the M5 East control of particle emissions at the 643 
source, such as the installation of oxidation catalysts and particle traps in diesel 644 
vehicles (Morawska et al., 2008), seems a logical and potentially more effective 645 
approach to reduce emissions and subsequent on-road UFP concentrations 646 
compared to reliance on tunnel air filtration devices.  Developing particle number 647 
emissions standards in Australia, similar to those being promulgated in Europe, 648 
could prove to be efficacious at reducing UFP concentrations on above ground 649 
and tunnel roadways.         650 
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